Membrane orpnization of the desiccation tolerant moss Tortula ruwalis was studied in several intensely dehydrated states (75% relative humidity [RHI, 90% RH, plasmolysis in molar salt, freezing to -20C) by 31P nuclear magnetic resonance and ultrastructunl analyses. Both methods revealed that even at 75% RH (-400 bars), the moss cellular membranes retained extended phospholipid bilayers. Ultrastructural analyses of the fully hydrated moss showed an extensive proliferation of membrane vesicles in the endoplasmic reticulum. During dehydrafton, these vesicles form layers of membrane under the plasmalemma and in some cases appear to fuse with the surface membrane. This suggests that these vesicles may serve as a reservoir of membranes to accommodate for membrane surface area changes during desiccation and subsequent rehydration.
The moss Tortula ruralis ([Hedw.] Gaertn., Meyer and Scherb.) can tolerate prolonged conditions ofextreme dessication including drying and storage over activated silica gel (15). The removal of water from the cell during dehydration (similarly freezing) results in protoplast shrinkage. Consequently, cellular membranes, especially the plasma membrane, are subjected to mechanical stresses resulting from surface area changes during cell collapse and from disruptions of the water status which is critical for the maintenance of phospholipid lamellar lattice and integrity. In cells which tolerate such stresses, it is understood that whatever form the membranes assume in the desiccated or frozen state, the compartmentation of the cell has to be restored within seconds upon re-expansion during rehydration or thawing. The ability of T. ruralis to withstand repeated cycles of hydration-dehydration and extreme freezing makes it an ideal system for study of the nature and organization of membranes in the desiccated and frozen states.
In this study, we report the organization ofcellular membranes in T. ruralis in the dehydrated condition (desiccated, plasmolyzed, and frozen states) using biophysical (31P NMR2) and ultrastructural methods. 2Abbreviation: NMR, nuclear magnetic resonance.
MATERIALS AND METHODS
Green upper gametophytic portions of T. ruralis were collected, trimmed, and dried as described by Schonbeck and Bewley (15). The dried moss was stored in jars containing silica gel. Equilibration of the moss to different degrees of hydration was carried out by placement of the dried moss in 7-x 9-cm sealed glassjars for 24 to 48 h at room temperature over 50-ml mixtures ofanhydrous glycerine and water adjusted to give a RH of either 90% or 75% (9 35 and 50 ppm. This behavior is not a spectral artifact but was consistently observed with fully hydrated moss, and may suggest a segregation of phospholipid domains of different residual anisotropy (2). Liposomes made from isolated total phospholipids of T. ruralis (14 mg from 1 g dry weight of moss) gave a 3p NMR spectrum (Fig. 1B) in which the anisotropic component has similar overall AUcsA to that in Figure IA . However, the segregation of powder patterns was not as distinct possibly because the liposomes were a mixture of all phospholipid species. The presence of an isotropic component at 0 ppm is likely due to the presence of very small liposomes and single bilayer vesicles which were formed in addition to large liposomes, and is generally observed in liposome spectra of natural phospholipid mixtures. Distribution in liposome sizes could be observed under the light microscope.
The ultrastructure of the fully hydrated moss is presented in Figure 2A . A proliferation of vesicles could be discerned throughout the cytoplasm. Some of these vesiclescould be seen in various stages of fusion with the plasmalemma. The presence of numerous vesicles and electron dense bodies is characteristic of these cells and has been reported previously (20) . Figure 3 shows 31P NMR spectra of moss leaves at different levels of hydration. The quantity of water in 90% RH (-140 bars) and 75% RH (-400 bars) equilibrated moss are 30% and 18% of the dry weight, respectively (15). As the extent of hydration decreases, the spectrum becomes broader and the total signal decreases. However, even at 75% RH (Fig. 3B) , the anisotropic component is still evident and suggests that bilayer formation is retained. When the moss was equilibrated to 30 to 40% RH or dried over silica-gel, a 31p NMR 'rigid limit' spectrum ( Fig. 3C ) typical of immobilized phospholipids was observed (3). Detailed analysis of this spectrum was not possible because of poor signalto-noise ratio but the fact that bilayers are still present cannot be precluded. Rehydration of the dried moss restored the spectrum to that observed in Figures IA or 3A , indicating there was no permanent disruption of the bilayer. It was observed that when the moss died under hydrated conditions due to overheating, the spectrum showed only a broad isotropic component.
The ultrastructure of cellular membranes of moss leaves at 75% RH is shown in Figure 2B . Membranes of 90% RH fixed moss were ultrastructurally similar. The protoplasts of the osmium vapor-fixed cells were contracted and stained intensely. Nevertheless, even at 75% RH, trilamellar characteristics of the plasmalemma, cytoplasmic vesicles, and densely compressed chloroplast grana (not shown) could be discerned. The cytoplasmic vesicles were frequently compressed and could either be seen as stacks of extended bilayers under the plasmalemma or as vertical finger-like invaginations (Fig. 2B, inset) from the plasmalemma into the cytoplasm. Whether these invaginations were a result of folding of the plasmalemma or a result of fusion with the vesicles is not known. Electron dense bodies observed in hydrated cells were still present in the partially desiccated state (not shown). It was not possible to fix moss cells which were either equilibrated on the bench (35-45% RH) or dried over silica-gel. Fixation of dried moss in nonaqueous solvents containing osmic acid was also unsuccessful. The low sensitivity of 31P NMR necessitated a long accumulation time for good signalto-noise ratios in obtaining the lipid phosphorus component and precluded the possibility of using a Dante pulse sequence (4) to allow cancellation of the Pi peak on the same sample following the normal pulse sequence data acquisition. The 31P NMR spectrum of moss leaves plasmolyzed in 4 M balanced salt (Fig.  4) is similar to that in the fully hydrated state suggesting that in the plasmolyzed state the structural organization of lipid phosphorus was not altered. This was confirmed by osmic acid fixation of moss cells in 4 M salt (Fig. 2C) showing that the plasma membrane trilamellar ultrastructure was retained. 1 i 1 1 I N , , A . . . * t i s W . . -, 2 t . . . r -. , ' . M ' : ' S r ' S , -' s -. ' . ; $ . ' : .
, t X . ! . T . . S X a . S A 2 { . . 0 . a * , , , , . , . > A § < 9 m e . A , § . . . f : : . e . t > , > < . . . * , , # , ; . . , -L . G . 2C also suggests that some invaginations (i) formed during retreat ofthe plasmalemma from the wall during plasmolysis may result from fusion of some of the cytoplasmic vesicles with the surface membrane. The outcome is extra membrane material for concave-types of membrane expansion during plasmolyses. 31p NMR spectra of hydrated moss leaves during freezing to low temperatures (-20'C) were relatively uninformative in that a broad rigid-limit low signal-to-noise spectrum similar to Figure  3C was obtained. Motional restriction of the lipid phosphorus during dehydration was probably exacerbated by low temperatures resulting in a spectral shape similar to that obtained for silica-gel dried moss (Fig. 3C) . However, fixation of moss cells during freezing at -20'C revealed that the cellular membranes retained their phospholipid lamellar lattice (Fig. 2D) (-140 bars) ; B, moss at 75% RH (-400 bars); C, dried over silica gel (about -6000 bars).
One interesting ultrastructural observation in T. ruralis is the proliferation of numerous vesicles in the cytoplasm. Similar proliferations have been observed in cold-hardened secondary phloem parenchyma cells ofRobinia pseudoacacia (1 1), in coldhardened mulberry cortical parenchyma cells (10), and in rye and wheat epicotyl cells hardened either by cold or by desiccation (Singh and Cloutier, unpublished). In all cases studied, plant cells capable of cold hardening develop these features concomitant with the development of tolerance to dehydration or freezing. However, the manner in which this proliferation of membrane vesicles can alleviate dehydration damage has not been described. The presence in dehydration-tolerant cells ofreservoirs of nonbilayered membrane material deleted and then made available for isolated protoplast contraction and expansion, respectively, during dehydration-hydration cycles has been proposed (7, 21, 22) . However, ultrastructural analyses of whole cold-hardened rye cells fixed in the frozen state at -10 and -20°C suggested that the surface membrane can either be conserved by invaginations during freezing in tolerant cells (18) or in fact be subjected to expansion stresses during plasmolysjs (19) . In the moss, numerous electron dense bodies were observed to be present in the plasmolyzed and desiccated states. These bodies were also present in the fully hydrated state (20) and, in cells fixed during rehydration, no bilayered membraneous structures could be seen emanating from them (Singh, unpublished) . This suggests that they may not be a specific or direct source of phospholipids for the plasmalemma. On the other hand, ultrastructural observations of the moss in various dehydrated states reported in this study suggest that the lamellar nature of the plasmalemma and cytoplasmic vesicles were retained during dehydration. Furthermore, fusion of these vesicles with the surface membrane during cell dehydration may supply the moss cell with ample membrane for reexpansion during rehydration. de Kruijff (12) and it has also been shown ultrastructurally that one mechanism of membrane injury in nonhardy rye cells during dehydrative extracellular freezing or plasmolysis is the loss of crystalline phospholipid bilayers (17 
